The N588K mutation to the human Ether-à-go-goRelated Gene (hERG) 
Introduction
The short QT syndrome (SQTS) is characterised primarily by a short QT interval on the ECG, which corresponds to abbreviated ventricular repolarisation. However, symptomatic atrial fibrillation (AF) has also been reported as a common first clinical presentation [1] , suggesting that pathophysiological mechanisms leading to shortening of the QT interval also affect the atria, which can increase susceptibility to AF. The N588K mutation to the human Ether-à-go-go-Related gene (hERG) , which encodes the α subunit of channels carrying rapid delayed rectifier potassium current, I Kr , underlies SQTS variant 1 (SQT1) [2] , and has been associated with a high incidence of AF in affected patients -as high as 50% [1] . However, effective management of AF in this context remains challenging [3] .
The class Ia anti-arrhythmic drug quinidine is typically used as the frontline therapy for QT normalisation in SQT1 [1] , and disopyramide has been suggested as a possible alternative [4] . Regarding management of atrial arrhythmias, the class Ic anti-arrhythmic drug propafenone has been reported to be effective at preventing recurrent episodes of paroxysmal AF mediated by the N588K mutation to hERG, maintaining 2 patients free of arrhythmia recurrence for >2 years [5] . However, mechanisms by which propafenone provides beneficial effects in the context of SQT1-mediated atrial proarrhythmia remain unclear, and have not yet been investigated using a multi-scale computational approach. The aim of this study was to assess the efficacy of the class Ic drug propafenone on human atrial pathoelectrophysiology associated with SQT1, using drug binding models with multi-channel pharmacology.
Methods

Model development
Human atrial electrophysiology was simulated using the recent model of Ni et al. [6] , in which the equations for I Kr were replaced with previously developed and validated Markov chain formulations of wild type (WT) and N588K mutant I Kr /hERG [7] . The resulting model in the WT condition had an action potential (AP) duration at 90% repolarisation (APD 90 ) of 248.8 ms at 1 Hz. A heterozygous WT-N588K condition (as observed in SQT1 probands), hereinafter referred to as the SQT1 condition, was constructed by considering I Kr to consist of 50% WT and 50% N588K mutant subunits [7] , [8] .
Using the same approach as detailed for disopyramide and quinidine in our previous study [7] , state-dependent models of drug block were developed, incorporating known actions of propafenone on I Kr /hERG [9] (including reduced potency against N588K-hERG mutant channels [10] ) and I Na [11] (using guarded receptor equations). Propafenone is a multi-channel blocker, and thus exerts secondary effects on other ion channels, which were modelled using a simple pore block based on half maximal inhibitory concentration (IC 50 ) values from the literature, summarised in Table 1 . Taking into account plasma protein binding, the most likely unbound concentrations of propafenone have been given as 0.2-0.6 μM [9] . Based on this estimate, the effects of 3 equally-spaced concentrations were investigated in this study -0.2, 0.5, and 0.8 μM. Reductions in the model maximum upstroke velocity (V̇m ax ) upon application of propafenone in control conditions were compared with experimental data [16] , where close concordance between simulation and experiment can be seen (Figure 1 ).
Tissue simulations
Propagation of excitation waves in tissue was described using the monodomain equation,
where V is the transmembrane voltage, D is the global conductivity tensor (set to give a conduction velocity of ~0.7 m/s), I ion is the total ionic current, and C m is the membrane capacitance. Equation (1) was solved using a finite difference PDE solver based on the explicit forward Euler method and Strang splitting scheme. Effects of the N588K-hERG mutation and its modulation by propafenone on effective refractory period (ERP), conduction velocity (CV), excitation wavelength (WL; given by WL = CV × ERP), and spiral wave dynamics were determined using 1D and 2D atrial tissue models with spatial step, Δx = 0.25 mm, as described previously [17] , [18] . Re-entry in the 2D sheet was initiated using an S1-S2 cross-shock protocol.
Results
Single cell investigations
The human atrial APD 90 at a pacing rate of 1 Hz was shortened from 248.8 ms in the WT condition to 195.4 ms in SQT1 (WT-N588K) conditions, and ERP was reduced from 273 to 187 ms. Figure 2 shows AP profiles under drug-free SQT1 conditions and upon application of different concentrations of propafenone, with corresponding fractional block of I Kr and I Na . Propafenone produced only modest prolongations of the APD, with the highest concentration tested (0.8 μM) extending the APD 90 to 227.4 ms, thus failing to restore it to that of the WT condition. In contrast, propafenone prolonged the ERP effectively, restoring it to 271 ms at a concentration of 0.8 μM, close to that of the WT level (273 ms), due to additional ERP-prolonging effects of I Na block. 5 μM propafenone at a cycle length (CL) of (i) 500 ms and (ii) 300 ms. All V̇m ax reductions are relative to the control (C) value at a CL of 500 ms. Experimental data were recorded from canine atrial myocytes [16] .
Tissue simulations
The rate-dependent effects of propafenone on the ERP, CV, and WL in the 1D tissue model are shown in Figure  3 . Although the ERP was increased by propafenone in a dose-dependent manner, the degree of prolongation was smaller at fast pacing rates compared to slow pacing rates (reverse use dependence). At very fast pacing rates, the decrease in CV was roughly commensurate with the increase in ERP, and thus the excitation WL did not change. In addition, propafenone promoted beat-to-beat alternans in the model. In 2D sheets of human atrial tissue using an S1 pacing interval of 400 ms, an S2 stimulus delivered in the SQT1 condition produced a spiral wave which sustained for the 5.0 s duration of the simulation, following an epicycloidal trajectory (Figure 4) . Application of 0.2 and 0.5 μM propafenone resulted in termination of re-entry by increasing the area of meander and inducing secondary waves. Application of 0.8 μM propafenone did not terminate re-entry, but did destabilise the re-entrant circuit and increase the area of meander.
Discussion
In this study, a novel model of the actions of the class Ic drug propafenone was developed and applied to investigate the utility of pharmacotherapy for AF with propafenone in the context of SQT1 using models of human atrial tissue. The heterozygous N588K-hERG mutation shortened the human atrial APD by 53.4 ms, consistent with a previous simulation study [8] , as well as the ERP. Propafenone at clinically-relevant conditions produced only modest prolongations of the APD, consistent with experimental results from canine atrial tissue [16] , but prolonged ERP effectively in a dosedependent manner due to combined I Kr and I Na block. Propafenone also reduced CV dose-dependently, roughly increasing WL at BCL > 400 ms and not affecting WL at BCL < 400 ms. Increased ERP and beat-to-beat alternans caused by propafenone promoted re-entry termination in a 2D sheet of atrial tissue, consistent with efficacy of propafenone for AF in SQT1 [5] . As propafenone has been reported to have no prolonging effect on the QT interval in this context [5] , however, alternatives such as quinidine may be more suitable for pharmacotherapy [1] . Figure 3 . Effects of various concentrations of propafenone (purple, orange, and red for increasing concentrations) on SQT1 mutant (green) atrial tissue, measured using a 1D strand model. The effects of propafenone on the (A) ERP, (B) CV, and (C) WL are shown, and compared with the WT (blue) for reference. For each basic cycle length (BCL), the two final APs were analysed to account for beat-to-beat alternans.
This study further substantiates a causative link between the SQT1-linked N588K-hERG mutation and APD/ERP shortening in human atria which promotes development of AF. Propafenone was shown to increase ERP in a dose-dependent manner in the context of SQT1, which had an anti-arrhythmic effect by increasing tissue excitation WL and promoting re-entry termination. 
